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INTRODUCrION

There are several levels at which the arrange-
ment of nucleotides in deoxyribonucleic acid
(DNA) may be discussed. At the gross level, a
considerable body of information exists con-
cerning the overall base composition of DNA.
This has proven valuable for taxonomic pur-
poses, at least in microorganisms, and provides
some comparative information as to the relative
variability of the composition of DNA among
various groups of organisms. In higher plants
and metazoans, the base composition is rela-
tively constant, so that these measurements are
not sensitive enough for comparative purposes.
At a higher level of resolution, nearest-neighbor
relationships may be determined with the aid of
DNA polymerase (21), and this may be extended
to larger nucleotide sequences by allowing the
incorporation of a mixture of ribonucleotides
and deoxynucleotides into the product in the
presence of Mn++ (4). In the case of nearest-
neighbor frequencies, 16 parameters are pro-
vided for the characterization of a given DNA.
The method has been used for evolutionary
studies with viral DNA (2, 37), although it is
clearly limited in sensitivity.
The ultimate description of a DNA molecule or

of a gene is in its complete base sequence. Com-
plete nucleotide sequence data are available only
for a few soluble ribonucleic acid (sRNA) mole-
cules (18, 41, 57). There is no general method for
the isolation of a single gene, except through the
purification of a single messenger which in turn is
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possible only in simple viral systems (1). When
this is achieved, sequence determination is much
more difficult than amino acid sequence deter-
mination in proteins, for a number of obvious
reasons. There are three times the number of
residues in the messenger ribonucleic acid
(mRNA) or a single strand of the DNA as
compared to the gene product, and only four
kinds of bases compared to 20 kinds of amino
acids. The existence of minor bases in sRNA has
been as valuable to the determination of sequence
as the small number of residues. Again, highly
specific enzyme degradation methods other than
limited digestion are not available.
At the moment, therefore, the problem of

complete sequence determination of even the
smaUest viral nucleic acids is far from solution.
Fortunately, however, the great power of nucleo-
tide sequence recognition which nucleic acids
themselves possess may be used as a tool for
detailed comparison of related DNA and ribonu-
cleic acid (RNA) molecules. After the discovery
by Doty et al. (12) and Marmur and Lane (24)
that the two strands of DNA may be separated
and reannealed, it became clear that this reaction
could be extremely valuable for comparisons of
related nucleic acids as well as the analysis of
RNA produced from the DNA. Thus, the forma-
tion of heteroduplex DNA molecules by the
separated DNA strands originating from two
organisms has become an accepted method in
taxonomy (19, 26, 31). This method is appro-
priate with any group of DNA molecules from
bacteria to primates. An example of these results
is shown in Table 1, in which various enterobac-
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TABLE 1. Reaction among heterologous DNA
preparations

DNA prepn Reaction

No
Bacteriala

Escherichia coli............. 100
Salmonella typhimurium ........... 71
Aerobacter aerogenes.............. 51
Proteus vulgaris................... 14
Serratia marcescens ............... 7
Pseudomonas aeruginosa........... 1
Bacillus subtilis.................... 1

Mammalianb
Rhesus monkey ............ 100
Human ........................... 76
Chimpanzee....................... 76
Owl monkey ...................... 68
Potto............................ 50
Mouse............................ 22
Chicken .......................... 11
Salmon........................... 5
E. coli............................ 0

o From McCarthy and Bolton (31). Reactions
expressed relative to the homologous reaction by
E. coli DNA.

b From Hoyer et al. (20). Reactions expressed
relative to the homologous reaction by rhesus
monkey DNA.

terial DNA preparations are ordered according
to the similarity of their base sequence with that
of Escherichia coli DNA (31), and primate DNA
preparations are compared with those of the
rhesus monkey (20).
The ensuing paragraphs will be concerned not

so much with these applications of the techniques,
but rather with the arrangement of different
nucleotide sequences in a genome. As will be
clear later, the reaction of two strands of
homologousDNA can provide useful information
as to the frequency of occurrence of a given
sequence in the whole genome and the incidence
of similar, but not identical, sequences. The
formation of structures other than true renatured
DNA is a function of the kinds of related se-
quences which exist in that particular DNA.

STRAND ASsoCIATION BY DNA
General Consideration

The reassociation of two DNA strands to form
renatured DNA may be studied by a variety of
methods. These include changes in hypochromic-
ity and other optical parameters, buoyant
density, and biological activity (26). None of these
is suited to studies of the interaction of two
strands originating from two organisms or of

interactions which form products other than
renatured DNA. The density gradient technique
may be modified to study interspecific DNA
reactions by labeling one DNA with a heavy
isotope (12). However, more convenient means of
studying all of these various types of reassociation
reactions are provided by methods in which a
radio-labeled DNA is allowed to interact with a
homologous or heterologous DNA immobilized
in a solid phase. The latest and most convenient
version of this approach is offered by Denhardt's
(10) modification of the membrane filter tech-
nique of Gillespie and Spiegelman (15), originally
devised for assay of DNA-RNA hybrids.
At reasonably low concentrations of DNA

(<10 Ag/ml), renaturation of DNA in solution
follows second-order kinetics, as would be ex-
pected from the interaction of separated DNA
strands (49). At higher concentrations or in high
ionic strength, aggregation of renatured DNA
complicates the kinetics (48, 49). The rate of rena-
turation is clearly dependent upon the number of
different base sequences in the DNA. Thus,
DNA representing a simple genome, such as that
of a virus, renatures more rapidly than that of a
more complex bacterial or mammalian genome
when incubated at the same concentration in
accordance with the higher concentration of
particular complementary elements (6, 25). Under
the nonideal, but more convenient, conditions of
reaction of labeled DNA in solution with un-
labeled filter-bound DNA, the kinetics are more
complex. As shown in Fig. 1, the rate of reaction
is proportional to the concentration of radio-
labeled DNA in solution. With small amounts of
labeled DNA in solution where the reaction
between two labeled DNA strands is unimportant,
the reaction rate is proportional to the amount
of DNA adsorbed on the filter over a limited
range. With larger amounts of filter-bound DNA,
the reaction rate is not limited by the quantity of
immobilized DNA (Fig. 2). These facts com-
plicate the interpretation of reaction rate data,
although, as will be discussed later, the rate of
reaction does depend on the relative homogeneity
of the DNA sample in question.
Two important kinds of measurement applied

to various types of DNA will be discussed. The
rate of reassociation of two strands at various
temperatures is a measure of the number of
elements or sequences in that particular DNA
which are similar enough to form a duplex
structure. When true renaturation is being meas-
ured, the rate of reaction is proportional to the
complexity of the DNA or the genome size
measured in nucleotide residues. Under less
stringent conditions, such as lower temperatures,
the rate depends upon the incidence of similar,
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solution at the optimum temperature, 56 C, to
0.15 give structures indistinguishable from native

DNA (48, 49). This process has a broad optimum
o.I0-/ temperature and does not take place above 75 C

or below 40 C. Similar effects can be seen in the
0.025~14 ~Lg/mI reaction of labeled DNA with filter-bound DNA.
0.05 A The rate of reaction shows an optimum at about

0.10 60 to 65 C and falls off at lower or higher tempera-

Az.^/ tures (Fig. 4). At about 40 C, there is a suggestion
t 0.08 ~ jug5 10 15 of a second component, although, as shown by the

,i±g DNA /mI rate of reaction with heterologous DNA, this is
not species-specific. In fact, the rate of reaction

0.06 ~~~~~~6.5kug/ml at 30 C is faster with B. subtilis or mouse DNA
than with homologous DNA, since their greater

complexity permits an increased possibility of
0.04- 3.5/ig/m complementary pair formation over short regions.

/ A characterization of the reaction products is
0.02 >/ _g , o illustrated in Fig. 5. At 40 C or above, the thermal

0.65 pg/ml stability of the products formed are identical,
having a melting temperature (Tm) of approxi-

10 20 30 40 50 60 mately 82 C. This is close to that expected on the
Time ( minutes) basis of the Tm for native DNA, 85 C, and a

decrease of about 3 C resulting from the lowerFIG. 1. Dependence orthe rate ofreaction ofsheared meculare of the sheared DNA (hen
denatured DNA with filter-bound denatured DNA on molecularwedght of the sheared DNA (6). When
the concentration ofDNA in solution. Various quantities incubated at 25 C, only complexes of low stability
of 2P-labeled sheared T4 DNA were incubated at 60C are formed, and these are also formed with
with a S-mm filter containing 12,ug of denatured T4
DNA in 0.2 ml ofI X SSC (see Fig. 3). The amount of
complex formed was assayed by counting filters re- 0.15
moved at various times. /

/
but not identical, sequences distributed through- 0.10I -0.10
out the genome. C3%

In addition, the properties of the complex 4_
formed under various conditions may be assessed 0.05-
by means of its thermal stability. As in the case 36kLg
of denaturation of DNA in solution, the tempera- 0.075 20 3 40
ture at which the duplex dissociates is a function DNA (0 g) /
of its base composition and the degree of base 248Lg
pairing which exists. The thermal dissociation of r3i

duplexes formed by incubating labeled denatured
Bacillus subtilis DNA with homologous filter- 005 12 g
bound DNA is illustrated in Fig. 3. The tempera-
ture of dissociation depends on the ionic strength k
of the solution. In the following pages, examples
of these two types of measurement will be given

0

with simple and complex DNA. The guanosine 0.025 3/ig
plus cytosine (GC) percentage values of the
three DNA preparations to be discussed most
fully are quite similar, so that differences are

ascribable to complexity rather than to base
composition. Values usually given for the three l0 20 30 40 50 60
are: T4 bacteriophage DNA, 36% GC; B. subtilis Time ( minutes)
DNA, 42%; mouse DNA, 41 %. FIG. 2. Dependence ofthe rate ofreaction ofsheared,

Viral DNA denaturedDNA withfilter-bound denaturedDNA on the
amount of filter-bound DNA. 2P-labeled, sheared T4

Under conditions of low concentration and DNA (1.2ug) was incubated with various quantities of
moderate ionic strength, T4 DNA renatures in filter-boundDNA at 60 C in 0.2 ml of1 X SSC.
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loo0 heterologous DNA. There is no evidence for
C 14 B. subtilis < w >/ complexes of intermediate stability which would

result from partial homology of regions in
80/ different parts of the phage chromosome. In fact,
>*/ */ { f / it appears that no two regions of the phage

genome are any more similar in base sequence
E60 ~ 0.1 0.25 0.5 0.O 2.0 than would be expected on a random basis.

Associations between these give structures with a
Tm of about 35 C (Fig. 5).

q40 0
Bacterial DNA

20/ Experiments similar to those described in the
previous section but with B. subtilis DNA give
somewhat different results (Fig. 6). In the higher

60 70 80 90 100) temperature range, reaction of labeled DNA with60 mpe70 tu80 90 1 the filter-bound DNA shows an optimum at theTemperature °C

FIG. 3. Thermal denaturation profiles of duplex
formed by incubating I ,ug of '4C-labeled, sheared, and
denatured Bacillus subtilis DNA with filters (5 mm in 100io
diameter) containing 10 ,ug of denatured B. subtilis T4 Phage DNA
DNA. Incubations were carried out in 0.20 ml of 2 X oX f
SSC at 67 Cfor 15 hr. The duplex was dissociated by 80 25C
heating the filters in 2-ml volumes ofsolutions ofsaline- 4600C
citrate ofthe indicated strength to various temperatures. a 60 / *50°C
The radioactive DNA removed at each temperature was o
collected by precipitation with trichloroacetic acid and /*
counted. The numbers on each line indicate the salt c
concentrations in terms ofstandard saline-citrate (SSC), ,
i.e., 0.15 M NaCl, 0.015 m sodium citrate. Thus, 0.1 indi- 20
cates a solution ofone-tenth these concentrations. A

30 40 50 60 70 80 90 100
Temperature IC

5 T4 DNA FIG. 5. Thermal dissociation profiles of duplexes
formed by incubating 1.2 ,ug of OP-4abeled T4 DNA
with 12 ,g offilter-bound homologous DNA at various

4 temperatures.

5 B. subtilis DNA

13-

2 I,Zs

|
| ~~~~~~~~~~I I 0

20 40 60 80 100
Temperature IC

FIG. 4. Rate ofDNA duplex formation by sheared, 20 40 60 80 100
denatured DNA of phage T4 with homologous and Temperature OC
heterologous DNA at various temperatures. Denatured
DNA (1.2 ,ug) was incubated with 12 ,g offilter-bound FIG. 6. Rate of DNA duplex formation by labeled
DNA. Initial reaction rates are expressed as percentages Bacillus subtilisDNA with homologous and heterologous
ofinput labeledDNA reacting per hour. (A) T4 DNA. DNA at various temperatures. Conditions as in Fig. 2.
(0) Bacillus subtilis DNA. (0) Mouse DNA. (@) B. subtilis DNA (0) Mouse DNA. (A) T4 DNA.
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60 70 80 90 100
Temperature °C

FiG. 7. Thermal denaturation profiles of duplexes
formed by incubating labeled Bacillus subtilis DNA with
filter-bound B. subtilis DNA at various temperature
conditions (as in Fig. 3).

expected temperature (25). As the temperature is
reduced below 45 C, however, the rate of reaction
increases to a second optimum at 30 to 35 C. By
comparison with reactions of labeled B. subtilis
DNA with heterologous DNA, it appears that
this component is at least partially species-specific.
Thus, the reaction at 40C with homologous DNA
is at least 10 times more rapid than that with
mouse or phage T4 DNA. At even lower tempera-
tures, the heterologous reaction becomes as rapid
as the homologous reaction.
The thermal stability of the various reaction

products formed is shown in Fig. 7 and 8. After
incubation at 50, 60, 67, or 75 C, most of the
reaction product has the high stability expected
of well-renatured DNA, i.e., with a Tm similar to
that of sheared native DNA (Fig. 7). With in-
cubation at 40 C, some of the product has this
high stability (Fig. 8), but most is of much
lower stability. With incubation at 25 C, the
reaction is not species-specific and the stability is
low. Thus, there is some evidence for a species-
specific recognition of a very distant intragenome
homology unlike that in T4 phage DNA. How-
ever, the stability is quite low and the degree of
base sequence homology existing among different
parts of the bacterial chromosome must be quite
limited.

Mammalian DNA
It is not possible to demonstrate the renatur-

tion of mammalian DNA by the CsCl method.
On the other hand, specific strand association
may be demonstrated by the DNA-agar (19) or

membrane-filter method. It has been clear for
some time, however, that these strand associations,
athough species-specific, do not represent the
formation of genuine renatured DNA. This is
evident from considerations both of the rates of
such reactions and of the properties of the com-
plexes formed. These facts are illustrated by the
data in Fig. 9 and 10. As is shown in Fig. 9,
the rate of reaction at the optimum temperature
is closely similar to that for B. subtilis DNA. In
view of the fact (29) that the DNA content per
haploid genome is some 500 x higher than for
B. subtilis (Table 2), this reaction rate is much
greater than theoretical and cannot represent the
association of two complementary strands orig-
inating from the same genetic site. Either con-
siderable duplication of sequences exists or the
reactions are not completely specific. Other
differences between B. subtilis and mouse DNA
occur in the dependence of reaction rates on
temperature. Although the base compositions
are almost identical, the optimum temperature
for reaction is lower for mouse DNA. In addition,
the rate falls to extremely low levels above 70
C, whereas the rate of reactions of B. subtilis
DNA falls only slowly.
The thermal dissociation profiles for the com-

plexes formed are highly dependent upon the
temperature of incubation (Fig. 10). Higher
incubation temperatures give rise to complexes
of higher stability. Thus, a great variety of species-
specific complexes may be formed whose relative

B. subti/is DNA
100 _

1 50-^7jo5
q 500~~A

20 40 60 80 100
Temperature IC

FiG. 8. Thermal dissociation profiles of duplexes
formed by incubating labeled Bacillus subtilis DNA
with filter-bound homologous DNA at low-temperature
conditions (as in Fig. 3).
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Temperature OC

FIG. 9. Rate of DNA duplex formation by labeled
mouse DNA with homologous and heterologous DNA as
a function of temperature. Conditions as in Fig. 2. (0)
Mouse DNA. (AL) Bacillus subtilis DNA.

proportion depends on the chosen reaction con-
ditions. It should be noted that none of these
complexes has the stability expected for native or
renatured DNA, i.e., Tn = 85 C. These results

are analogous to those reported by Walker and
McClaren (53), Martin and Hoyer (27), and
Britten and Kohne (6), obtained from studies of
strand association by the DNA-agar or hydroxy
apatite methods.

Partially Redundant Nucleotide Sequences
The experiments reported with viral and bac-

terial DNA are consistent with the absence of
closely related nucleotide sequences distributed
around the genome. With T4 DNA, only two
kinds of reaction product are formed, one with a
stability close to that of native DNA and the
other with a stability no higher than that of
duplexes formed between two strands of un-
related DNA molecules. Thus, one may conclude
that no two nucleotide sequences exist which
have homology greater than that expected on a
random basis. The situation with bacterial DNA
is similar except for the evidence for some distant
homologies significantly greater than those ex-
isting between two DNA preparations of the
same base composition chosen at random.

In contrast, the experiments reported with
mouse DNA show that the predominant reaction
product formed is one between strands which are
only partially complementary, representing differ-
ent regions of the genome which are partially,

TABLE 2. Nucleotide content of various genomes

Organism Mol wt (daltons) Nucleotide pairs Reference

Viruses
pX174.............................. 0.9 X 106 5 X 10oa Sinsheimer (46)
T5 coliphage ............... 84 X 106 130 X 103 Hershey et al. (17)
T2 coliphage......... 130 X 106 200 X 103 Rubenstein et al. (44)

Bacteria
Mycoplasma gallisepticum ............. 0.2 X 109 0.3 X 106 Morowitz et al. (36)
Haemophilus influenzae ............... 0.7 X 109 1 X 106 Berns and Thomas (5)
Escherichia coli...................... 2.6 X 109 4 X 106 Cairns (7)
Pseudomonas sp...................... 2.4 X 109 4 X 106 Park and DeLey (40)
Bacillus subtilis .. ................... 2 X 109 3 X 106 Dennis and Wake (9)

1.3 X 109 2 X 106 Massie and Zimm (28)

Yeast
Saccharomyces cerevisiae............. 13 X 109 20 X 106 Ogur et al. (39)

Invertebrates
Drosophila melanogasterb ............. 0.12 X 1012 0.2 X 109 Ritossa and Spiegelman'(43)
Sea urchin (Lytechinus) sperm........ 0.6 X 1012 0.8 X 109 Mirsky and Ris (34)

Vertebrates
Chickenb............................. 1.3 X 1012 2.1 X 109 Mirsky and Ris (34)
Mouseb .............................. 3 X 1012 4.7 X 109 Vendrely and Vendrely (52)
Humanb.............................. 3 X 1012 5.6 X 109 Vendrely and Vendrely (52)

a For double-stranded replicative form.
bDiploid cell; all others haploid.
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Tempera tu re °C

FIG. 10. Thermal dissociation profiles of duplexes
fonned by incubating labeled mouse DNA with filter-
bound homologousDNA at various temperatures.

but not completely, similar in base sequence.
Moreover, it is clear that many degrees of sim-
ilarity of base sequence exist among many parts
of the mouse genome, so that duplexes of various
degrees of mismatching may be formed. This
leads to the concept of families of related base
sequences in which the individual members are
related to one another to various degrees (6).
It is important to note that not all of the base
sequences in mouse DNA are partially redundant
in this sense. Britten and Kohne (6) have shown
that about half of the base sequences are unique
and not members of families of related genes.
Thus, if the concentration is high enough and the
incubation time long enough, this fraction of the
DNA may be completely renatured.

Thus, it is apparent that the interpretation of
studies ofDNA duplex formation or DNA-RNA
hybrid formation requires some caution. For
example, the reactions among primate DNA prep-
arations (Table 1) are not measures of base
sequence differences in individual genes of the
various species but of relationships among fam-
ilies of base sequences. The reactions are not
completely locus-specific, although as demon-
strated by these results they do show considerable
species specificity.

Correspondingly, although DNA-RNA hybrid
formation is generally thought of as the recon-
struction of the association between a gene and
its primary gene product, this concept is justifiable
only in viral and bacterial systems (8, 30). In
mammalian systems, the reaction is one between
an RNA molecule and a DNA molecule similar
in base sequence to the DNA site which pro-
duced that RNA molecule. Results similar to
those of Fig. 10 are obtained if hybrids are formed

at different temperatures and then dissociated
(8). This does not mean, of course, that hybridiza-
tion reactions are not useful in the analysis of
RNA synthesis in mammalian systems, but merely
that the results are easily over-interpreted. For
example, the degree of difference demonstrable
between the population of RNA molecules in two
tissues is highly dependent on the reaction con-
ditions. The more stringent the conditions, the
more differences appear. Thus, mouse liver and
mouse kidney RNA appear quite similar in
competition reactions carried out at 60 C and
almost completely different when assayed at 72
C (Church and McCarthy, in preparation). This is
easily interpretable, by comparison with the data
of Fig. 10, as resulting from different degrees of
cross-reaction between the RNA molecules and
related DNA sequences. This means that the
differences demonstrated between two popula-
tions of RNA molecules of mammalian origin are
always minimal estimates of the actual differences,
since the existence of related sequences limits
resolution. In the same way, titration or satura-
tion experiments, in which a determination of the
maximal proportion of DNA sites which will
react is made (55), are often misinterpreted.
Since RNA molecules will react with sites other
than those responsible for their synthesis, this
assay will provide an overestimate of the fraction
of the DNA sites actively synthesizing RNA in
the situation in question. Notwithstanding these
qualifications, the analysis of RNA by hybridiza-
tion methods provides the most sensitive means
presently at hand for comparison of populations
of RNA molecules. Even in the limiting case of
no locus specificity in the reaction of RNA with
DNA, the method may be considered as a form
of chromatography in which the DNA column
contains a vast variety of different sites, each with
its own affinity for a given group of RNA mole-
cules. From this point of view it is apparent that
differences among RNA populations may often
be demonstrable, although the failure to detect
differences does not establish identity.

CONSERVATISM IN THE EVOLUTION OF
BASE SEQUENCES

The evolution of base sequences takes place at
different rates at different sites in the genome. This
is evident from comparative studies of individual
proteins in various groups of organisms. In
birds, for example, certain structural proteins
evolve more rapidly than certain enzymes (45,
54). From more direct experiments with DNA, it
has been shown that certain nucleotide sequences
retain some homology between organisms as
distant as fish and primates, while the majority
of the genome has undergone much greater

22 1VOL. 31, 1967



BACTERIOL. REV.

b

65 70 75 80 85 90 95 100
Temperature IC

.T-

75 80 85 90 95
Temperoture IC

FiG. 11. Comparison of the thermal dissociation profiles of hybrids for ned with either Escherichia coli rRNA
or E. coli pulse-labeled RNA. E. coli 2P-labeled 23S or 16S RNA (10 ,ug; 9.4 X 105 counts per min per pg) was
incubated with filters containing 50 ,ug of the various DNA preparations. The proffles for 14C (pulse) -lJabeled RNA
(179 counts per min per lug) were obtained by incubating 33.3 jug ofRNA with filters containing 50 p&g ofDNA
from various sources. Pulse-labeled RNA (a); 23S RNA (A); 16S RNA (0). (a) Escherichia coli DNA filters;
(b) Serratia marcescens; (c) Aerobacter aerogenes; (d) Proteus morgani. From Moore and McCarthy (35).

change in base sequence (19). In addition, a core
of relatively conserved sequences exists among all
mammals (19).
Ribosomal RNA (rRNA) and sRNA cistrons

are examples of conservative regions of the
genome. These regions are represented in the
DNA of many genomes by some 0.3 and 0.02%
of the total, respectively (55, 56). Interspecific
hybridization between E. coli sRNA and other
enterobacterial DNA molecules occurs to a much
greater extent than corresponding hybridization
of pulse-labeled or mRNA (16). In Bacillus,
enterobacteria, and myxobacteria, base sequences
in rRNA are conservative relative to the total
(11, 13, 35, 50). This is exemplified by the data of
Fig. 11, showing a comparison between the
thermal stability profiles of hybrids with DNA
formed by E. coli pulse-labeled 16S and 23S
rRNA (35). In each case, heterologous hybrids
formed by rRNA show smaller differences in
stability, compared with homologous hybrids,
than is the case for pulse-labeled RNA (35).

Similar results were obtained with Myxococcus
xanthus RNA. Since, in this case, the base com-
position of the mRNA is richer in GC than is
rRNA, the higher cross-reaction of rRNA is
more readily attributable to conservatism in base
sequence in these cistrons than to its intrinsic
base composition (35).
Comparisons of the hybridization properties

of rRNA of mammals and bacteria provide
results quite similar to those obtained from studies
ofDNA duplex formation described above. Thus,
the Tm of E. coli rRNA-DNA hybrids is close to
that expected from its base composition (Moore
and McCarthy, in preparation). The same thermal
stability is obtained if the hybrids are treated
with ribonuclease to remove grossly unpaired re-
gions (15). The thermal stability of the hybrid is
not dependent on the temperature of incubation
(Fig. 12). On the other hand, the thermal stability
of rabbit rRNA-DNA hybrids is lower, even
though the base composition is higher in GC and
the stability of the remaining complex is increased

100
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E. co// Rabbit

90 95 100 60 65 70 75
Temperature 'C

80 85 90 95 100

FIG. 12. Thermal dissociation profies ofDNA-RNA hybrids formed by Escherichia coli 23S ribosomal RNA
or rabbit 28S ribosomal RNA with homologous DNA by incubating at various temperatures. Profiles were de-
termined with or without treatment with ribonuclease to eliminate some mispaired structures.

after ribonuclease treatment. Moreover, as with
DNA-DNA duplexes of mammalian origin, the
properties of the hybrid depend on the reaction
conditions employed during its formation (Fig.
12). These facts suggest that the many rRNA
cistrons (about 500) in mammalian DNA are
similar, but not identical, in sequence, so that
hybridization occurs between rRNA having one
base sequence and a DNA base sequence repre-
senting another rRNA species, a situation entirely
analogous to that observed with DNA-DNA
duplex formation.

IERACrIoNoF OLIGoNucLEOrIDEs wrri DNA

Specificity of Interaction
One of the obvious questions which arises from

these experiments is: how does one correlate
differences in the stability of duplexes with the
numbers of complementary and noncomplemen-
tary bases in them? As mentioned at the outset,
our aim is to define differences and similarities in
base sequence between two genes of one organism
or between corresponding genes in related or-
ganisms. This would furnish valuable information
regarding the rate of evolution of base sequences
in various groups of organisms and in various
parts of the genome.

One-approach involves the study of the inter-
action of fragments of DNA or oligodeoxyribo-
nucleotides with DNA. Chemical methods of
degradation and fractionation allow the prepara-
tion of oligonucleotides of known chain length
representing all the base sequences of the parental
DNA of that length (32). These may be used in
reactions with single-stranded DNA to determine
the stability and specificity of such interactions.
An example of this approach is given in Fig. 13.

A mixture of mouse and E. coli oligonucleotides
ofmean chain length, n = 33, were incubated with
both single-stranded parental DNA preparations.
The complexes were then subjected to increasing
temperature to dissociate them in the usual way.
As is clear from the data, some specificity exists
in the amount of complex formed (as represented
by the 25 C points), and this increases as less
well-paired structures are dissociated; at high
temperatures, only species-specific complexes re-
main stable. Thus, in this size range, it is quite
possible to demonstrate specificity.
Another experiment demonstrated that small

fragments (of various sizes) of T4 phage DNA
react nonspecifically and that specificity increases
very rapidly with size (Fig. 14). Oligonucleotides
derived from phage T4 DNA, in the size range

VOL. 31, 1967 223



BACTER1oL. REV.

Mouse DNA
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FIG. 13. Thermal dissociation profiles of complexes
formed by slow cooling 0.2 ,ug of a mixture of 14C.
labeled mouse oligodeoxynucleotides and 32P-labeled
Escherichia coli oligodeoxynucleotides of chain length
n = 33 with 100 ,g of mouse or E. coli DNA. From
McConaughy and McCarthy (32).

n = 11 to 28, were incubated with parental DNA
and two types of unrelated DNA (32), and melt-
ing profiles of the complexes formed are shown.
With the lowest size shown, n = 14, and below,
all the points superimpose on one line, indicating
a lack of specificity. At n = 17 and above, specific
interactions dominate the reaction, and this
specificity increases with increasing chain length.
These results show that, as would be expected
from elementary statistical considerations (32),
oligonucleotides of chain length greater than
about 14 to 15 show high specificity. Similar
results from studies of hybrids between oligonu-
cleotides of the ribose series and DNA have been
reported (38a). This is clearly due to the failure to
find highly complementary base sequences in
heterologous DNA molecules. Interactions do, of
course, occur with any DNA, but these do not
occupy all of the bases contained in the chain.
It is clear from these considerations that, with
high-molecular-weight DNA, at least this extent
of base-pairing between the two strands must
occur for the interaction to be a specific one.

Estimation of the Degree of Mismatching of Bases
The same experiment may be used to provide

information as to the number of base sequence
similarities which occur between similar sites in
the genome or corresponding sites in different
DNA molecules. The principle is based on the
fact that, in the size range, n = 3 to n = about
50, the stability of the duplex depends upon its
length. Thus, the T,, increases with increasing
chain length. This has been shown for many
model systems of synthetic polynucleotides (23,
38, 42), and for the interactions of oligonucleo-
tides and DNA (32).

Figure 15 illustrates a preliminary experiment
aimed at using this principle to determine the
extent of mismatching in the duplexes formed by

mammalian DNA. The data are taken from a
double-label experiment, of the type shown
earlier, in which a differentially labeled mixture of
oligonucleotides from the two species are incu-
bated with both parental DNA preparations. The
subtraction plot, in which the percentage reaction
of heterologous oligonucleotides is subtracted
from the homologous reaction, is a measure of the
species-specific complexes. Even though the base
compositions are the same, B. subtilis complexes
are considerably more stable, indicating a lack of
fidelity in matching for the mouse DNA. The
displacement to lower temperatures is a measure
of the degree of mismatching. Current experi-
ments have shown that B. subtilis fragments of
size n = 20 give a curve close to that for mouse
DNA at size 25. We may, therefore, draw the
tentative conclusion that about five base pairs are
mismatched. This effect must be due to the ar-
rangement of base sequences in mouse DNA
itself and would be expected from the data derived
from interactions of high-molecular-weight DNA.
Because of the fact that there are many sites
in DNA of related, but not identical, base se-
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FIG. 14. Melting profiles of complexes formed by
incubating 8 Ug of 32P-labeled T4 phage oligodeoxy-
nucleotides of various chain lengths with 100 pug of T4
phage, Escherichia coli, or mouse DNA. From Mc-
Conaughy and McCarthy (32).
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FIG. 15. Relative stability of complexesformed by a
mixture of oligodeoxyribontucleotides originatinig from
mouse or Bacillus subtilis DNA (with n = 15 or 25) and
the correspondinig single-stranzded DNA. Tlhe data rep-
resent the stability of species-specific complexes, ob-
taimied by subtracting the reaction2 of heterologous oligo-
,iucleotides from that of homologous oligontucleotides.
Aln equimolar mixture of 3H-labeled mouse and 32p_
labeled B. subtilis oligoniucleotides (0.07 ,ug) was slowly
cooled with 12 ,ug offilter-bound DNA.

quence, these somewhat mispaired structures will
dominate the spectrum of reaction products.

It should be emphasized that this estimate for
the extent of mismatching is very crude and
preliminary. It assumes that mismatched bases
have no influence on the stability of the inter-
action complex. This is almost certainly an over-
simplification. Nevertheless, it is clear that this
approach can be highly rewarding and can give
us quantitative information. Artificial in vitro
modification of the bases to produce known de-
grees of mismatching can also be used to calibrate
the method, to permit quantitative estimates of
base sequence divergence.
The possibility of estimating base sequence

divergence may be illustrated by a consideration
of interspecific reactions. Figure 16 shows the
interaction of a mixture of oligonucleotides, of
n = 25 or n = 40, derived from mouse and B.
subtilis DNA with various rodent DNA prepara-
tions. It is possible to determine whether each
DNA is able to recognize the mouse oligonucleo-
tides as those of the same or a related organism.
Differentially labeled oligonucleotides originating
from B. subtilis DNA are included as a control
for nonspecific interactions. Thus, when the
curves superimpose, no discrimination is made.
Obviously, specific reactions are given with both
sizes by parental DNA. On the other hand, base
sequence complementarity offered by fragments
of mouse DNA of n = 25 is not sufficient to give
specific interactions with rat or hamster DNA.

When n is increased to 40, the information content
is sufficiently high to allow specific reactions with
rat DNA. Even at this size, however, sufficient
similarity in sequence does not exist for specific
interactions to occur with hamster DNA. This
DNA is related in base sequence, as demonstrated
by reactions between high-molecular-weight
mouse and hamster DNA (20) and by taxonomic
considerations. Clearly, we can make estimates
of the degree of pairing and therefore the extent
of base sequence similarity between mouse and
rat DNA by subtraction plots as shown earlier.
These experiments could be carried out among
any group of related DNA types to provide in-
formation as to extents of sequence divergence
among species or within the DNA of one or-
ganism.

EVOLUTION AND RECOMBINATION OF DNA
MOLECULES

During the evolution of life on earth, two
kinds of changes in the DNA have accompanied
the development of more complex forms. One
involves changes in base sequence and the other
a progressive increase in the DNA content of a
genome. The former changes are developed by
mutation leading to base substitution, or insertion
and deletion of bases leading to a more radical
change in base sequence. This diversification of
base sequence is most easily seen in bacteria in
which the overall base composition varies be-
tween 25 and 75'(, GC. This variation in base

40 Mouse DNA
0.

30

20
\

25 50 75
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Rat DNA - Hamster DNA

25 50 75 25 50 75
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FIG. 16. Tlhermal dissociation profiles of complexes
formed by slow coolintg a mixtutre of mouse anid Bacillus
subtilis oligodeoxyribonucleotides with mouse, rat, or
hamster DNA bounld to filters; 0.07 Mg of anl equimolar
mixture of oligoniucleotides (mt = 25 or 40) ofmouse alid
B. subtilis was slowly cooled with 12 ,ug oflfilter-boumud
DNA. (0) 3H-labeled mouse oligommucleotides; (A)
32P-labeled B. subtilis DNA.
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composition within a group alsoexists inprotozoa,
the more primitive metazoans, and higher plants,
although the overall base composition of the
DNA of vertebrates is quite similar. In all these
cases, however, a considerable variation in base
composition of segments within a genome is
apparent.
As a general rule, the DNA content per haploid

cell has increased progressively through the
evolution of more complex forms. Viruses, with
the smallest number of gene functions, contain
the least DNA, and this quantity increases pro-
gressively through bacteria, protozoa, and meta-
zoans to the vertebrates (Table 2). There are,
however, some exceptions to this generalization,
the meaning of which remains obscure. The most
well-known example is that of the Anuran
amphibians, whose DNA complement is many
times that of other amphibia (29, 34). Other well-
known examples have been documented in
various families of higher plants (47). Whatever
the meaning of these anomalies, it is reasonable
to conclude that the predominant pattern is one
of a steady increase in the DNA content of a
genome during evolution, closely correlated with
the structural and the behavorial complexity of
the organism.
There are several possibilities that might be

suggested for the mechanism by which more
DNA is created to specify newly evolving func-
tions. Such new base sequences may possibly be
generated de novo by end addition to existing
DNA molecules or by reiterative synthesis (22).
Such base sequences would presumably be ran-
dom, although useful sequences might con-
ceivably evolve during an extended period.
Alternatively, an increase in the total DNA
might be accomplished through the acquisition of
ready-made sequences from within the genome
or other external sources. In bacteria, transduc-
tion and sexduction lead to an increase in the
amount of DNA. The latter process, in particular,
is known to operate across species boundaries
and would therefore allow the acquisition of
genetic material from different species. After sex-
duction or transduction, the integrated episomal
genes may become a stable part of the bacterial
chromosome. It is quite possible that similar
mechanisms may operate in higher organisms,
since clear evidence exists that the genome of tumor
viruses may enter into a stable association with
the host cell nucleus (3).

Notwithstanding these other possibilities, it
seems most likely that gene duplication followed
by translocation is a major contributor to the
increasing DNA content in the genome. Much
evidence for this process derives from determina-
tions of amino acid sequence in similar proteins.

A particularly persuasive example is provided by
the various hemoglobin chains (58). It is evident
from the studies reported here and those of other
workers (6) that this mechanism has been an
important one during the evolutionary history of
mammalian DNA.

In a very simple DNA, as represented by T4
phage DNA, there is no evidence for the existence
of duplications. Thus, it may be that this process
does not occur or is rapidly obscured by diver-
gence, or that the generation of such duplicated
base sequences is for some reason disadvantage-
ous. In this regard, the arguments set forth by
Thomas (51) would tend to rationalize this
finding. If, as seems most likely, a basic stage in
the recombination of DNA molecules involved
the association of complementary base sequences
(33) between the two DNA molecules, the fidelity
of recombination would be disturbed by the
existence of very similar base sequences around
the chromosome. Since the unequal crossing-over
generated by this effect would, in most cases, be
lethal (51), the persistence of gene duplications
would be unlikely unless the duplicated genes can
rapidly be made dissimilar by mutation and
selection.

Similar conclusions may be drawn from the
experiments with B. subtilis DNA. No closely
similar base sequences exist, although there is
evidence for very distant intragenome homologies.
The rate of the duplex-forming reaction under
these conditions suggests that base sequence
similarities at this level are shared by many re-
gions of the DNA. This may well be the result of
historically remote gene duplications. Freese and
Yoshida (14) presented evidence for homology
among three B. sibtilis dehydrogenases, suggest-
ing that these have evolved from a common
DNA region during bacterial evolution. Other
explanations may be offered; for example, it may
be that certain sequences of codons occur quite
frequently as a result of the existence of similar
active sites in many enzymes. In either case,
apart from the rRNA cistrons, it seems clear
that base sequence relationships among different
cistrons above a certain level do not exist. Again,
it is possible that they are, in fact, precluded by
the requirements of recombination events.

In mouse DNA, the situation is quite different,
so that a very complex set of related base se-
quences exist. If the existence of similar base
sequences along the chromosomes does indeed
present a problem for recognition of events pre-
ceding recombination, it seems most likely that
this is surmounted by the compartmentalization
of DNA among chromosomes. The synapsis of
chromosomes would serve to restrict the spatial
distribution of potentially recombining DNA
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base sequences so that strand recombination
could take place only between allelic segments.
At the moment, the relationship between the

chromosome complement and the distribution of
base sequences in the DNA is far from clear,
since few DNA preparations have been studied in
detail. The question as to whether related base
sequences are randomly distributed among
chromosomes cannot be answered until individual
chromosomes may be prepared. Nor is it known
whether there is any correlation between eucaryo-
tic chromosome structure and the presence of
related base sequences in the DNA. Whether the
discontinuity between procaryotic and eucaryotic
cells is also represented as a boundary between
simple and complex partially redundant DNA
molecules remains to be seen.
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